Changes in visual function following optical treatment of astigmatism-related amblyopia  by Harvey, Erin M. et al.
Available online at www.sciencedirect.comwww.elsevier.com/locate/visres
Vision Research 48 (2008) 773–787Changes in visual function following optical treatment
of astigmatism-related amblyopia
Erin M. Harvey a,b,*, Velma Dobson a,c, Joseph M. Miller a,b,d,
Candice E. Cliﬀord-Donaldson a
aDepartment of Ophthalmology and Vision Science, The University of Arizona, 655 N. Alvernon Way, Suite 108, Tucson, AZ 85711-1824, USA
bCollege of Public Health, The University of Arizona, USA
cDepartment of Psychology, The University of Arizona, USA
dOptical Sciences Center, The University of Arizona, USA
Received 30 October 2007; received in revised form 6 December 2007Abstract
Eﬀects of optical correction on best-corrected grating acuity (vertical (V), horizontal (H), oblique (O)), vernier acuity (V, H, O), con-
trast sensitivity (1.5, 6.0, and 18.0 cy/deg spatial frequency, V and H), and stereoacuity were evaluated prospectively in 4- to 13-year-old
astigmats and a non-astigmatic age-matched control group. Measurements made at baseline (eyeglasses dispensed for astigmats),
6 weeks, and 1 year showed greater improvement in astigmatic than non-astigmatic children for all measures. Treatment eﬀects occurred
by 6 weeks, and did not diﬀer by cohort (<8 vs. P8 years), but astigmatic children did not attain normal levels of visual function.
 2008 Elsevier Ltd. All rights reserved.
Keywords: Astigmatism; Amblyopia; Children; Visual performance; Treatment1. Introduction
Degraded visual input during early development can
result in neural visual deﬁcits that are clinically termed
amblyopia. These deﬁcits are evidenced by reduced visual
performance in the absence of any ocular cause. Previous
research has shown that patterns of visual deﬁcits in ambly-
opia can be dependent on the nature of the disruption of
visual input present during development (Dobson, Miller,
Harvey, & Mohan, 2003; Levi & Klein, 1982; McKee, Levi,
& Movshon, 2003; Mitchell, Freeman, Millodot, & Hae-
gerstrom, 1973). For example, in astigmatism-related
amblyopia, presence and severity of visual deﬁcits can be
speciﬁc to stimulus orientation. This pattern of amblyopia,
termed meridional amblyopia (Mitchell et al., 1973), devel-0042-6989/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
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E-mail address: emharvey@u.arizona.edu (E.M. Harvey).ops as a result of the orientation-speciﬁc defocus character-
istic of uncorrected astigmatism, although some studies
have found deﬁcits that are independent of stimulus
orientation in individuals with some types of astigmatism
(Dobson et al., 2003; Harvey, Dobson, Miller, & Clif-
ford-Donaldson, 2007). Meridional amblyopia has been
documented in several types of visual function, including
grating acuity (Atkinson et al., 1996; Cobb & MacDonald,
1978; Dobson et al., 2003; Freeman, 1975a; Freeman,
Mitchell, & Millodot, 1972; Gwiazda, Scheiman, & Held,
1984; Harvey, Dobson, Miller et al., 2007; Mitchell & Wil-
kinson, 1974; Mitchell et al., 1973; Mohindra, Jacobson, &
Held, 1983), vernier acuity (Gwiazda, Bauer, Thorn, &
Held, 1986; Mitchell et al., 1973), contrast sensitivity (Free-
man, 1975b; Freeman & Thibos, 1975; Mitchell & Wilkin-
son, 1974), and stereoacuity (Mitchell et al., 1973).
Previous studies of astigmatic individuals have also docu-
mented reduced best-corrected recognition acuity (Atkin-
son et al., 1996; Dobson, Tyszko, Miller, & Harvey,
1996; Dobson et al., 2003; Harvey 2002; Harvey, Dobson,
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Miller et al., 2007; Kershner & Brick, 1984), reduced ste-
reoacuity for complex stimuli (Harvey, Dobson, Miller
et al., 2007), and reduced best-corrected vision across stim-
ulus orientations in grating acuity, vernier acuity, and con-
trast sensitivity (Harvey, Dobson, Miller et al., 2007).
Previous research has demonstrated that optical correc-
tion of astigmatism, i.e., restoration of normal visual input,
can be an eﬀective treatment of astigmatism-related ambly-
opia during early childhood (Cobb & MacDonald, 1978;
Mitchell et al., 1973; Mohindra et al., 1983). However,
some evidence suggests that this form of plasticity may
be limited to a sensitive period. Retrospective studies of a
small number of astigmatic adults have found that meridi-
onal amblyopia occurs rarely in those who received eye-
glasses prior to age seven years, but frequently in those
who received eyeglasses after age seven (Cobb & MacDon-
ald, 1978; Mitchell et al., 1973). Two prospective studies
(Harvey, Dobson, Miller, & Sherrill, 2004; Harvey, Dob-
son, Cliﬀord-Donaldson et al., 2007) have examined the
eﬀect of optical correction on astigmatism-related amblyo-
pia in children who are members of a Native American
tribe with a high prevalence of astigmatism. The ﬁrst study,
which included subjects three to ﬁve years of age, found no
signiﬁcant improvement in best-corrected recognition acu-
ity or grating acuity, and no reduction in meridional
amblyopia, in astigmatic children after an average optical
treatment duration of four months, relative to a non-astig-
matic control group (Harvey et al., 2004). In contrast, the
second study, which included subjects 4–13 years of age,
showed signiﬁcantly greater improvement in best-corrected
recognition acuity in astigmatic children compared to the
improvement over time shown by a normal (non-astig-
matic) age-matched control group after an average
treatment duration of six weeks (Harvey, Dobson, Clif-
ford-Donaldson et al., 2007). Furthermore, the signiﬁcant
improvement in best-corrected recognition acuity was
found both in children age seven years or younger, the
age previously believed to mark the end of the sensitive per-
iod for successful treatment (Cobb & MacDonald, 1978;
Mitchell et al., 1973), and in children older than age seven
years (Harvey, Dobson, Cliﬀord-Donaldson et al., 2007).
However, the results also indicated that after one year of
optical treatment, astigmatic children still had signiﬁcantly
poorer best-corrected visual acuity than did non-astigmatic
children. It was not clear whether the persistence of
reduced acuity after one year of treatment was due to
reduced plasticity in this age range, or to poor treatment
compliance in some subjects.
In the present study, we examine prospectively changes
in grating acuity for vertical (V), horizontal (H), and obli-
que (O) stimuli, vernier acuity for V, H, and O stimuli, con-
trast sensitivity for V and H stimuli, and stereoacuity for
complex stimuli that occur following optical treatment of
astigmatism-related amblyopia. Because previous retro-
spective and prospective studies suggest that meridional
amblyopia may not be responsive to optical correctionbeyond age seven years (Cobb &MacDonald, 1978; Mitch-
ell et al., 1973), or perhaps even earlier (Harvey et al.,
2004), the present report groups subjects into a younger
cohort (YC, <8 years of age) and an older cohort (OC,
P8 years of age). Outcome of best-corrected recognition
acuity for these subjects has been reported previously (Har-
vey, Dobson, Cliﬀord-Donaldson et al., 2007).
2. Methods
2.1. Subjects
Subjects were children in grades K-2 (recruited during the 2003/04
school year) and children in grades 4–6 (recruited during the 2001/02
school year) who attended one of ﬁve elementary schools located on the
Tohono O’odham Reservation in southern Arizona, and children at a
sixth elementary school on the reservation who participated in a prelimin-
ary study during the 2000/01 and 2001/02 school years. Recruitment years
for diﬀerent grades were selected in order to minimize the possibility of
recruiting children who participated in a previous eyeglass treatment study
of Tohono O’odham preschool children (1997–2001, Dobson et al., 2003;
Harvey et al., 2004; Miller, Dobson, Harvey, & Sherrill, 2000; Miller,
Dobson, Harvey, & Sherrill, 2001). This population was chosen for the
study because there is a high prevalence of astigmatism (Dobson, Miller,
& Harvey, 1999; Dobson, Miller, Harvey, & Sherrill, 1999; Harvey, Dob-
son, & Miller, 2006) and astigmatism-related amblyopia (Dobson et al.,
1996, 2003; Harvey et al., 2004) among the Tohono O’odham.
The Institutional Review Board of the University of Arizona approved
this study. Prior to each child’s participation, written informed consent
was obtained from a parent or guardian, and written assent was obtained
from children in grades 4, 5, and 6.
2.2. Procedures
Each child was scheduled to participate in an initial eye examination, a
baseline best-corrected vision testing session, a six-week follow-up best-
corrected vision testing session, a one-year follow-up eye examination,
and a one-year follow-up best-corrected vision testing session. Refractive
error correction for the baseline and six-week follow-up vision testing ses-
sions was determined at the initial eye examination, and refractive error
correction for the one-year follow-up vision testing session was determined
at the one-year follow-up eye examination.
At the eye examinations, each child underwent a complete eye exami-
nation including cycloplegic refraction, conducted by a pediatric ophthal-
mologist (JMM) at least 40 min after instillation of one drop of
proparacaine (0.5%) and two drops of cyclopentolate (1%) separated by
an interval of 5 min. Eyeglasses were prescribed for (a) children who
had P2.00 diopters (D) of astigmatism in either eye, and (b) children
who had uncorrected recognition acuity worse than 20/20 and signiﬁcant
refractive error (myopia P0.75 D in either meridian, hyperopia P2.50 D
in either meridian, astigmatism P1.00 D in either eye, anisometropia
P1.50 D spherical equivalent). Eyeglass prescriptions were determined
by cycloplegic autorefraction (Nikon Retinomax K+, Nikon Inc., Tokyo,
now manufactured by Righton Manufacturing Co., Tokyo), conﬁrmed by
retinoscopy and by subjective reﬁnement (when possible). Correction of
hyperopic refractive error was reduced by one-third or by 1.00 D, which-
ever was greater (Guyton, Miller, & West, 2003).
The baseline vision testing session was conducted on a separate day
approximately two to three weeks after the initial eye exam. The ﬁrst fol-
low-up vision testing session was conducted approximately six weeks after
the baseline session, and the one-year follow-up vision testing session was
conducted approximately two to three weeks after the one-year follow-up
eye examination (approximately one year after the baseline vision testing
session). Eyeglasses were prescribed only for children who met the above
criteria, and these children were given their eyeglasses at the beginning of
the baseline vision testing session. However, all children wore eyeglasses
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reduced by one-third or by 1.00 D, whichever was greater) during the
vision testing sessions. Thus, each child was tested with his/her best-cor-
rection, and testers were masked as to which children had been prescribed
eyeglasses. Children who did not meet the prescribing criteria wore a pair
of eyeglasses selected from a set of ‘‘stock” eyeglasses in which the right
and left lens corrections were no more than 0.50 vector dioptric diﬀerence
(Harris, 1990; Harvey, Miller, Dobson, Tyszko, & Davis, 2000; Long,
1976) from the child’s refractive error.
Vision testing was conducted by a team of trained testers who were
masked to each child’s refractive error and to results obtained at previ-
ous testing sessions. Each vision testing session included ﬁve tests: (1)
monocular (right eye (RE) and left eye (LE)) distance (4 m) log MAR
recognition acuity using 62- by 65-cm Early Treatment Diabetic Reti-
nopathy Study (ETDRS) charts (Ferris, Kassoﬀ, Bresnick, & Bailey,
1982) mounted in an illuminator cabinet (Precision Vision, Inc., LaSalle,
IL); (2) monocular (RE) grating acuity for V, H, and O gratings tested at
1.5 m using stimuli constructed from unmounted Teller acuity cards (Vis-
tech Consultants, Inc., Dayton, OH) (Teller, McDonald, Preston, Sebris,
& Dobson, 1986); (3) monocular (RE) vernier acuity for V, H, and O
stimuli tested at 1.75 m using stimuli that were generated using a com-
puter program (Miller, Harvey, & Dobson, 2002); (4) monocular (RE)
contrast sensitivity tested at 3 m for low (1.5 cy/deg), middle (6 cy/
deg), and high (18 cy/deg) spatial frequency V and H sinewave grating
stimuli using stimuli constructed from unmounted VCTS6500 Contrast
Sensitivity Charts (Vistech Consultants, Inc., Dayton, OH); and (5) ste-
reoacuity tested at 40 cm using the Randot Preschool Stereoacuity Test
(Stereo Optical Co., Chicago, IL) (Birch, Williams, Hunter, & Lapa,
1997). Test order was counterbalanced across subjects but remained con-
stant for each child across all testing sessions (baseline, six weeks, and
one year). During monocular testing, the fellow eye was occluded with
5-cm wide adhesive paper tape (3 M micropore, Minneapolis, MN). A
detailed description of the tests and testing procedures is provided in
another report (Harvey, Dobson, Miller et al., 2007). Results of longitu-
dinal recognition acuity testing are reported elsewhere (Harvey, Dobson,
Cliﬀord-Donaldson et al., 2007).2.3. Resolution (grating) acuity
Grating acuity was assessed using a 3-alternative forced-choice (3AFC)
procedure in which the subject’s task was to identify which one of three
circles (number 1, 2, or 3) contained a grating. The remaining two circles
on each trial contained gray stimuli constructed from the same Teller Acu-
ity Card as the grating. Stimuli were organized into a test book that
included grating spatial frequencies ranging from 0.86 to 38 cy/cm (2.3–
99.5 cy/deg), ordered from lowest to highest spatial frequency, with V,
H, and O gratings interleaved. Order of presentation of orientations
within each spatial frequency was always the same for an individual child
(at baseline, six weeks, and one year), but was counterbalanced across the
ﬁve schools at which testing was conducted. Testing began with the 6.5 cy/
cm (17 cy/deg) grating and continued until the subject could no longer
identify the location of the grating on three of three or on three of four
trials for an orientation. Grating acuity for each orientation was scored
as the highest spatial frequency at which a subject could correctly locate
the grating on at least three out of a maximum of four trials. For subjects
who were judged unable to resolve the largest grating available (0.86 cy/
cm, 2.3 cy/deg), a grating acuity corresponding to the next lower spatial
frequency in the Teller Acuity Card set (0.64 cy/cm, 1.7 cy/deg) was
assigned.2.4. Vernier acuity
Vernier acuity for V, H, and O lines was tested using a 3AFC proce-
dure similar to that used to assess grating acuity. The subject’s task was
to identify which one of three circles (number 1, 2, or 3) contained the
‘‘wiggly” line. The remaining two circles on each trial contained a straight
line of the same width and length as the vernier stimulus. Stimuli wereorganized into a test book that included stimuli with oﬀsets ranging from
80 to 5 arc sec, ordered from largest to smallest oﬀset, with V, H, and O
stimuli interleaved. Order of presentation of orientations within each oﬀset
size was always the same for an individual child (at baseline, six weeks,
and one year), but was counterbalanced across the ﬁve schools at which
testing was conducted. Testing began with the 80 arc sec oﬀset and contin-
ued until the subject could no longer identify the location of the vernier
stimulus on three of three or on three of four trials for an orientation. Ver-
nier acuity for each stimulus orientation was scored as the smallest vernier
oﬀset at which the child could correctly identify the vernier stimulus on
three out of a maximum of four trials. Subjects who were judged unable
to resolve the largest oﬀset (80 arc sec) were assigned a vernier acuity of
100 arc sec, i.e., 0.1 log unit larger than the largest level included in the test
book.
2.5. Contrast sensitivity
Assessment of contrast sensitivity was conducted using a test design
similar to that used to test grating and vernier acuity: each trial was a
3AFC task (V, tilted clockwise, or tilted counter-clockwise; or H, tilted
clockwise, or tilted counter-clockwise), and the subject had to correctly
identify the grating orientation by holding up a pen, and matching the ori-
entation of the pen to the orientation of the grating. For each of the three
spatial frequencies tested, the test included eight levels of contrast
(max  min/max + min) ranging from 0.33 to 0.006 for 1.5 cy/deg, 0.20
to 0.004 for 6 cy/deg, and 0.25 to 0.011 for 18 cy/deg, with V and H stimuli
interleaved within the test book. Order (V or H ﬁrst) was constant across
sessions for each child, but was counterbalanced across schools. Contrast
sensitivity for each grating orientation for each spatial frequency was
scored as the lowest contrast level on which the child was able to correctly
identify the orientation of the grating on at least three out of a maximum
of four trials. Order of testing across the three spatial frequencies was
always the same for an individual child, was randomly selected by the tes-
ter prior to the child’s ﬁrst test session, and was counterbalanced across
subjects.
A contrast sensitivity threshold one step larger than the highest con-
trast level included in the test book (average step size was 0.2 log unit)
was assigned for subjects who were judged unable to resolve the highest
contrast stimulus (contrast threshold values of 0.52, 0.32, and 0.39 were
assigned for 1.5, 6.0, and 18.0 cy/deg stimuli, respectively).
2.6. Stereoacuity
The Randot Preschool Stereoacuity Test includes six levels of retinal
disparity that range from 800 to 40 arc sec. Subjects wore test-speciﬁc
polarized glasses over their eyeglasses. Stereoacuity was recorded as the
smallest disparity at which the subject could correctly identify two of three
shapes in the random dot display. For subjects who were judged unable to
resolve the largest disparity level, a stereoacuity of 1600 arc sec was
assigned.
2.7. Encouraging and monitoring treatment compliance
Eyeglasses were initially dispensed at the baseline vision testing session.
At the end of the testing session, children who required eyeglasses were
given one pair and were instructed to wear them all the time. Each child’s
teacher was given a spare pair of eyeglasses to keep in the classroom.
Classroom eyeglasses were for use on days when children did not bring
their glasses, or their glasses were lost or broken. Teachers were asked
to provide the children with their spare pair when needed, and to try to
collect them at the end of the day so that the child would always have a
pair at school. Children were given the classroom spare to take home over
the summer vacation, and were instructed to use them if their other pair
became lost or broken. A study staﬀ member made periodic visits to each
classroom to check on glasses and to encourage eyeglass wear. This staﬀ
member carried a spare pair for each child so that they could be dispensed
as soon possible whenever a child’s glasses became lost, broken, or badly
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ordered. Daily log books were given to each teacher to record whether
children were or were not wearing their eyeglasses. The log books also
served as a reminder to teachers to dispense the classroom pair if the child
did not have his/her eyeglasses.
2.8. Data analysis
Threshold values for each measure were transformed to log values for
data analyses. Subjects were assigned to astigmatism groups based on the
cycloplegic refraction results of the initial eye examination. The non-astig-
matic control (NonA) group included children with little or no astigma-
tism (<0.75 D in the RE and the LE), and the astigmatic group included
children with P1.00 D RE with-the-rule (plus cylinder axis 90 ± 15 deg)
astigmatism. Subjects in the astigmatic group were further divided into
two subgroups: (a) children with hyperopic astigmatism (HA), sphere
(plus cyl) P0, and (b) children with myopic or mixed astigmatism (M/
MA), sphere (plus cyl) <0. Subjects were also categorized by age cohort.
The younger cohort (YC) included children <8 years of age, and the older
cohort (OC) included childrenP8 years of age on the day of baseline best-
corrected vision testing (and glasses dispensing).
Data from subjects who did not meet the criteria for any of the three
astigmatism groups (NonA, HA, M/MA), subjects with anisometropia
(P1.50 D diﬀerence in spherical equivalent between eyes), subjects with
ocular abnormalities other than refractive error, astigmatic subjects whose
uncorrected RE recognition acuity was 20/20 or better, and subjects who
did not participate in best-corrected vision testing at baseline, six weeks,
and one year were excluded from analyses.
Amblyopia is a clinical term, and while it is generally deﬁned as
reduced best-corrected vision in the absence of ocular causes, the speciﬁc
deﬁcits that indicate the presence of amblyopia, both in clinical and
research settings, can vary. In order to avoid any confusion with this term,
for the purpose of the present report we deﬁne astigmatism-related
amblyopia as signiﬁcantly reduced vision in astigmats, relative to vision
in an age-matched non-astigmatic control group. Similarly, we deﬁne
meridional amblyopia as a signiﬁcant diﬀerence in vision across stimulus
orientation in astigmats, relative to meridional diﬀerences observed in a
non-astigmatic age-matched control group. In the present study, amblyo-
pia is examined in astigmats as a group (e.g., mean acuity in astigmats vs.
non-astigmats), rather than for individuals (i.e., data on deﬁcits in individ-
ual astigmatic subjects are not reported).
The ﬁrst set of analyses was aimed at determining if there were signif-
icant deﬁcits at baseline for the HA and M/MA groups relative to the
NonA group (signiﬁcantly reduced best-corrected vision and/or signiﬁcant
meridional amblyopia). We have previously published a detailed report of
baseline measurements of visual performance in the three astigmatism
groups (Harvey, Dobson, Miller et al., 2007). However, the present report
includes only those subjects followed for a full year after baseline, i.e., a
subset of the 805 subjects for whom we reported results of baseline testing.
Therefore, we present analyses here to document whether or not baseline
deﬁcits were signiﬁcant in this smaller sample. Separate analyses of vari-
ance (ANOVAs) compared baseline measures of grating acuity for V,
H, and O stimuli, vernier acuity for V, H, and O stimuli, contrast sensitiv-
ity for V and H stimuli (with separate analyses for low, middle, and high
spatial frequency stimuli), and stereoacuity across astigmatism group
(HA, M/MA, NonA) and age cohort (YC vs. OC). In order to evaluate
meridional amblyopia, analyses (ANOVAs) also compared vertical–hori-
zontal (V–H) grating acuity, vernier acuity, and contrast sensitivity across
astigmatism group and age cohort.
The second set of analyses focused on determining if there was a signif-
icant eﬀect of treatment, i.e., whether the amount of change in best-cor-
rected visual performance over time in the HA and M/MA groups was
greater than that observed in the NonA group. Separate repeated mea-
sures analyses of variance (RM-ANOVAs) compared mean change over
time in resolution (grating) acuity for V, H, and O stimuli, in vernier acu-
ity for V, H, and O stimuli, in contrast sensitivity for V and H stimuli
(with separate analyses for low, middle, and high spatial frequency stim-
uli), and in stereoacuity across age cohort (YC vs. OC) from baseline tosix weeks to one year. Analyses (RM-ANOVAs) also evaluated change
over time in meridional amblyopia (the diﬀerence between performance
for V and H stimuli) for grating acuity, vernier acuity, and contrast sensi-
tivity for the astigmatic groups, relative to the NonA group. All signiﬁcant
main eﬀects and interactions are reported. Main eﬀects of age cohort are
reported, and when signiﬁcant, always reﬂect better vision in the older
cohort unless otherwise noted. Planned post hoc comparisons (t-tests with
Bonferroni correction for multiple comparisons) were conducted only on
signiﬁcant interactions that included both the ‘‘time” and the ‘‘astigmatism
group” variables, as these eﬀects were pertinent to the primary aims of the
study: to determine if there was signiﬁcantly greater improvement in the
astigmatic groups over time, relative to the non-astigmatic group. Because
a previous detailed report of baseline data showed no evidence that visual
deﬁcits were associated with presence of astigmatic anisometropia or with
previous eyeglass wear in this sample (Harvey, Dobson, Miller et al.,
2007), these variables were not entered into the present analyses.
Finally, the last set of analyses were aimed at determining if signiﬁ-
cant baseline deﬁcits for the HA and M/MA groups relative to the
NonA group (signiﬁcantly reduced best-corrected vision and/or signiﬁ-
cant meridional amblyopia) remained signiﬁcant after one year of treat-
ment. The same analyses conducted on baseline data (see summary of
ﬁrst set of analyses above) were conducted on one-year data for mea-
sures that yielded signiﬁcantly reduced performance for astigmatic chil-
dren at baseline.3. Results
Of 1048 K-2nd and 4th–6th grade children enrolled in
the study, 243 were excluded from analyses for the follow-
ing reasons: undilated at initial exam (2: 1 refused, 1 poorly
dilated), history of patching (1), anisometropia (18), stra-
bismus (11), ocular abnormality other than strabismus
(11), anisometropia and strabismus (2), anisometropia
and ocular abnormality (1), strabismus and ocular abnor-
mality (1), lost to follow-up after baseline eye exam (no
baseline visual acuity data collected, 39), did not meet the
criteria for any astigmatism group (NonA, HA, M/MA,
157).
A total of 805 children provided baseline data and met
the inclusion criteria. Of these children, 95.3% (767/805)
were tested at 6 weeks (38 (5%) lost to follow-up), and
67.9% (547/805) were tested at both 6 weeks and 1 year
(113 (14%) lost to follow-up at 6 weeks and/or 1 year,
145 (18%) entered the study during the second year of test-
ing for their cohort and contributed data only at baseline
and 6 weeks). Final analyses include the 547 children who
met the inclusion criteria and were followed up at both
six weeks and one year. Sample sizes were 324 (136 YC,
188 OC) for the NonA group, 109 (74 YC, 35 OC) for
the HA group, and 114 for the M/MA group (44 YC, 70
OC). Some children did not complete all measurements
at each follow-up session. Sample sizes for each measure
are provided in the results section. The average age for
the ﬁnal sample of 547 children was 8.66 years (range:
4.75–13.53 (SD = 2.30)).
Follow-up vision testing occurred an average of 44.7
days (SD 16.1) (six-week follow-up) and 375.9 days (SD
35.6) (one-year follow-up) after the baseline vision testing
session. ANOVA on duration of baseline to six-week fol-
low-up interval yielded a signiﬁcant main eﬀect of age
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interval shorter for the OC (39.7, SD 13.6) than the YC
(50.5, SD 16.9) and a main eﬀect of astigmatism group
(F(2, 541) = 4.65, p < 0.02), with the NonA group having
a signiﬁcantly shorter follow-up interval than the HA
group (42.9 (SD 15.3) vs. 48.4 (SD 16.2), p < 0.004). There
was also a signiﬁcant interaction between astigmatism
group and age cohort (F(2,541) = 4.27, p < 0.02). For
the YC, follow-up interval for the NonA group was signif-
icantly shorter than for the M/MA group (48.2 (SD 16.2)
vs. 57.3 (SD 18.9), p < 0.006), whereas there were no sig-
niﬁcant diﬀerences across astigmatism group for the OC.
There were no signiﬁcant diﬀerences or interactions
between age cohorts and astigmatism groups for the base-
line to one year interval. Age cohort eﬀects are likely due
to diﬀerences in scheduling limitations between grades/
schools (primary vs. intermediate schools), and astigma-
tism group eﬀects are likely due to occasional delays in
receiving prescription glasses (i.e., glasses for the astig-
matic children) from the optical laboratory.
Detailed results of data analyses for each measure of
vision are provided below. In each section, analyses
address the following: (1) Performance at baseline: Was
vision signiﬁcantly reduced and was meridional amblyo-
pia present in the HA and M/MA groups relative to
the NonA group at baseline? (2) Treatment eﬀects: Was
there signiﬁcantly greater improvement in best-corrected
vision and/or a signiﬁcant reduction in meridional ambly-
opia over time in the HA or M/MA groups, relative to
the NonA group, and was there any evidence of reduced
treatment eﬀects in OC children, compared to the YC?
(3) Performance at one year: Did vision remain signiﬁ-
cantly reduced and did meridional amblyopia persist in
the HA and M/MA groups relative to the NonA group
after 1 year of treatment? A summary of results for all
measures is provided in Table 1.
3.1. Grating acuity (Fig. 1)
3.1.1. Performance at baseline
Analyses of grating acuity (V, H, O) measurements at
baseline (n = 537) yielded main eﬀects of astigmatism group
(F(2, 531) = 44.79 for V, F(2,531) = 72.03 for H, and
F(2,531) = 57.19 for O, ps < 0.001) and age cohort
(F(1,531) = 11.22, p < 0.002 for V, F(2,531) = 5.91,
p < 0.02 for H, F(2,531) = 12.61, p < 0.001 for O), but no
signiﬁcant interactions between astigmatism group and
age cohort. Post hoc analyses indicated that both HA and
M/MA groups had signiﬁcantly reduced acuity for V, H,
and O stimuli compared to the NonA group (all
ps < 0.001, after Bonferroni correction). Analyses of merid-
ional amblyopia (V–H grating acuity) at baseline yielded a
signiﬁcant main eﬀect of astigmatism group (F(1,531) =
15.72, p < 0.001), but no eﬀect of age cohort or interaction
between astigmatism group and age cohort. Post hoc anal-
yses indicated that the M/MA group had signiﬁcant merid-
ional amblyopia compared to the NonA group (p < 0.001),but the HA group did not show evidence of meridional
amblyopia at baseline.
3.1.2. Treatment eﬀects
RM-ANOVA on grating acuity measurements at base-
line, six weeks, and one year yielded signiﬁcant main eﬀects
of time (F(2,530) = 30.82, p < 0.001), astigmatism group
(F(2,531) = 86.78, p < 0.001), age cohort (F(1,531) =
20.08, p < 0.001), and stimulus orientation (F(2,530) =
74.17, p < 0.001). There were signiﬁcant interactions
between time and astigmatism group (F(4,1062) = 5.79,
p < 0.001) and between orientation and astigmatism group
(F(4,1062) = 14.83, p < 0.001). Post hoc analyses indicated
that there was signiﬁcantly greater improvement from
baseline to six weeks in the HA and M/MA groups than
in the NonA group (ps < 0.001). The astigmatism groups
did not diﬀer signiﬁcantly with regard to the amount of
change observed from six weeks to one year. RM-ANOVA
on V–H grating acuity yielded a signiﬁcant main eﬀect
of astigmatism group (F(2,531) = 29.84, p < 0.001), but
no signiﬁcant eﬀects time, astigmatism group, or age
cohort.
3.1.3. Performance at one year
Analyses of grating acuity (V, H, O) measurements at
one-year follow-up yielded main eﬀects of astigmatism
group (F(2,531) = 37.07 for V, F(2,531) = 54.90 for H,
F(2,531) = 35.84 for O, ps < 0.001) and age cohort
(F(1,531) = 4.03, p < 0.05 for V, F(1,531) = 7.61,
p < 0.007 for H, F(1,531) = 3.94, p < 0.05 for O), but no
signiﬁcant interactions between astigmatism group and
age cohort. Post hoc analyses indicated that at one year,
both HA and M/MA groups still had signiﬁcantly reduced
acuity for V, H, and O stimuli compared to the NonA
group (all ps < 0.001, after Bonferroni correction). Analy-
ses of meridional amblyopia (V–H grating acuity) at one-
year follow-up yielded a signiﬁcant main eﬀect of astigma-
tism group (F(2,531) = 7.33, p < 0.002), but not age
cohort. Post hoc analyses indicated that the M/MA group
still had signiﬁcant meridional amblyopia compared to the
NonA group after one year (p < 0.001).
3.2. Vernier acuity (Fig. 2)
3.2.1. Performance at baseline
Analyses of vernier acuity (V, H, O) measurements at
baseline (n = 527) yielded main eﬀects of astigmatism
group (F(2,521) = 26.32 for V, F(2,521) = 20.30 for H,
F(2,521) = 23.17 for O, ps < 0.001) and main eﬀects of
age cohort (F(1,521) = 33.92 for V, F(1,521) = 23.46 for
H, F(1,521) = 18.07 for O, ps < 0.001). There were no sig-
niﬁcant interactions between astigmatism group and age
cohort. Post hoc analyses indicated that both the HA
and the M/MA groups had signiﬁcantly reduced acuity
for V, H, and O stimuli at baseline compared to the NonA
group (ps < 0.001, after Bonferroni correction). Analyses
of meridional amblyopia (V–H vernier acuity) yielded no
Table 1
Summary of results of statistical analyses by measure for presence of visual deﬁcits at baseline and at one year, and for improvement from baseline to 6 weeks and from 6 weeks to 1 year
Measure Stimulus Visual deﬁcits: baselinea Visual deﬁcits: 1 yeara Improvement: baseline to 6 weeksb Improvement: 6 weeks
to 1 yearb
HA M/MA HA M/MA HA M/MA HA M/MA
Grating acuity V <0.001 <0.001 <0.001 <0.001
H <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns ns
O <0.001 <0.001 <0.001 <0.001
V–H ns <0.001 — <0.001 ns ns ns ns
Vernier acuity V <0.001 <0.001 <0.004 ns
H <0.001 <0.001 <0.02 <0.001 <0.003 <0.001 ns ns
O <0.001 <0.001 <0.009 <0.02
V–H ns ns — — ns ns ns ns
1.5 cy/deg contrast V ns ns — —
H <0.001 <0.04 ns ns <0.008 <0.02 ns ns
V–H <0.04 ns ns ns ns ns
6.0 cy/deg contrast V <0.001 <0.001 <0.03 <0.001 YC: ns OC:
<0.009
YC: ns OC: <0.02 ns ns
H <0.001 <0.001 ns <0.001 YC: ns OC:
<0.001
YC: ns OC:
<0.002
ns ns
V–H ns ns — — ns ns ns YC: <0.03 OC:
ns
18.0 cy/deg
contrast
V <0.001 <0.001 <0.001 <0.001
H <0.001 <0.001 <0.001 <0.001 <0.001 ns ns ns
V–H <0.02 ns <0.04 — ns ns ns ns
Stereo acuity YC:< 0.001 OC:
<0.001
YC: <0.001 OC:
<0.005
YC: <0.001 OC:
<0.001
YC: <0.001 OC:
<0.001
<0.001 ns ns ns
a Numbers indicate p values, when signiﬁcant deﬁcits relative to the NonA group were present, ‘‘ns” indicates vision not signiﬁcantly reduced (relative to NonA group), and ‘‘—‘‘ indicates that test
was not conducted (in cases in which deﬁcits were not signiﬁcant at baseline). Results by cohort presented only in cases in which cohort interacted signiﬁcantly with astigmatism group.
b Numbers indicate p values, when there is signiﬁcant improvement relative to improvement in the NonA group, and ‘‘ns” indicates no signiﬁcant improvement (relative to NonA group). Results by
cohort presented only in cases in which cohort interacted signiﬁcantly with both ‘‘time” and ‘‘astigmatism group” variables (i.e., only when improvement diﬀered signiﬁcantly across astigmatism group
and cohort). Cells are merged across orientation in cases in which stimulus orientation did not interact with both ‘‘time” and ‘‘astigmatism group” variables (i.e., improvement was not dependent upon
stimulus orientation).
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Fig. 1. (A) Mean best-corrected grating acuity at baseline, 6 weeks, and
1 year by astigmatism group (NonA, HA, M/MA) for vertical (triangle
symbols), horizontal (square symbols), and oblique (circle symbols)
stimuli. Y axis is scaled logarithmically, with 0.1 log unit between tick
marks. (B) Mean of V–H best-corrected grating acuity at baseline,
6 weeks, and 1 year by astigmatism group (NonA, HA, M/MA). Bars
indicate ±1 sem.
Fig. 2. (A) Mean best-corrected vernier acuity at baseline, 6 weeks, and
1 year by astigmatism group (NonA, HA, M/MA) for vertical (triangle
symbols), horizontal (square symbols), and oblique (circle symbols)
stimuli. Y axis is scaled logarithmically, with 0.1 log unit between tick
marks. (B) Mean of V–H best-corrected vernier acuity at baseline,
6 weeks, and 1 year by astigmatism group (NonA, HA, M/MA) Bars
indicate ±1 sem.
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baseline.3.2.2. Treatment eﬀects
RM-ANOVA on vernier acuity measurements at base-
line, six weeks, and one year (n = 527) yielded signiﬁcant
main eﬀects of time (F(2,520) = 31.83, p < 0.001), astigma-
tism group (F(2,521) = 20.93, p < 0.001), age cohort
(F(1,521) = 22.13, p < 0.001), and stimulus orientation
(F(2,520) = 73.19, p < 0.001). There were signiﬁcant inter-
actions between time and astigmatism group (F(4,1042) =
5.17, p < 0.001), between time and age cohort(F(2,520) = 5.38, p < 0.006), and between orientation
and astigmatism group (F(4,1042) = 2.58, p < 0.04). Post
hoc analyses indicated that there was signiﬁcantly greater
improvement in the HA and M/MA groups than in the
NonA group from baseline to six weeks (p < 0.003 and
p < 0.001, respectively). There were no diﬀerences
among astigmatism groups with regard to the amount
of change observed from six weeks to one year. RM-
ANOVA on V–H vernier acuity yielded a signiﬁcant
main eﬀect of time (F(2, 520) = 3.05, p < 0.05) and astig-
matism group (F(2, 521) = 4.51, p < 0.02). The eﬀect of
age cohort was not signiﬁcant, and no interactions were
signiﬁcant.
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Analyses of vernier acuity (V, H, O) measurements at
one-year follow-up yielded main eﬀects of astigmatism
group (F(2,521) = 5.74, p < 0.004, F(2,521) = 9.67,
p < 0.001 for V, F(2,521) = 5.80 for H, p < 0.004 for O)
and main eﬀects of age cohort for H stimuli
(F(1,521) = 5.87, p < 0.02). There were no signiﬁcant inter-
actions between astigmatism group and age cohort. Post
hoc analyses indicated that after one year, the HA group
still had reduced vernier acuity for V, H, and O stimuli
(p < 0.004, p < 0.02, and p < 0.009, respectively) and the
M/MA group still had signiﬁcantly reduced acuity for H
and O stimuli (p < 0.001 and p < 0.02, respectively), but
acuity for V stimuli in the M/MA group was no longer sig-
niﬁcantly reduced relative to the NonA group.
3.3. Contrast sensitivity: Low spatial frequency stimuli
(Figs. 3A and 4A)
3.3.1. Performance at baseline
Analyses of 1.5 cy/deg contrast sensitivity measurements
(V and H) at baseline (n = 500) yielded main eﬀects of
astigmatism group only for H stimuli (F(2,494) = 4.49,
p < 0.02), signiﬁcant main eﬀects of age cohort for V and
H stimuli (F(1,494) = 52.56 for V, F(1,494) = 36.69 for
H, ps < 0.001), and no interactions between astigmatism
group and age cohort. Post hoc analyses indicated that
HA and M/MA groups had reduced contrast sensitivity
only for H stimuli (p < 0.001 and p < 0.04, respectively) rel-
ative to the NonA group. Analyses of meridional amblyo-
pia (V–H contrast sensitivity) at baseline yielded a main
eﬀect of astigmatism group (F(2,494) = 3.40, p < 0.04).
Post hoc analyses indicated that at baseline, only the HA
group had signiﬁcant meridional amblyopia compared to
the NonA group (p < 0.04).
3.3.2. Treatment eﬀects
RM-ANOVA on low spatial frequency contrast sensitiv-
ity at baseline, six weeks, and one year (n = 500) yielded
signiﬁcant main eﬀects of time (F(2,493) = 31.71, p <
0.001) and age cohort (F(1, 494) = 64.55, p < 0.001). There
was a signiﬁcant interaction between time and astigmatism
group (F(4,988) = 3.11, p < 0.02). Post hoc analyses indi-
cated that there was signiﬁcantly greater improvement
from baseline to 6 weeks in the HA and M/MA groups
than in the NonA group (p < 0.008 and p < 0.02, respec-
tively). There were no signiﬁcant diﬀerences among astig-
matism groups in amount of change observed from six
weeks to one year. RM-ANOVA on V–H low spatial fre-
quency contrast sensitivity yielded no signiﬁcant eﬀects of
time, astigmatism group, or age cohort.
3.3.3. Performance at one year
Analyses of 1.5 cy/deg contrast sensitivity measurements
(V and H) at one-year follow-up yielded signiﬁcant eﬀects
of age cohort (F(1,494) = 45.78 for V, F(1,494) = 30.00
for H, ps < 0.001), but no signiﬁcant eﬀects of astigmatismgroup and no signiﬁcant interactions between astigmatism
group and age cohort. Analyses of meridional amblyopia
(V–H contrast sensitivity) at one-year follow-up yielded
no signiﬁcant main eﬀects, but there was a signiﬁcant inter-
action between astigmatism group and age cohort
(F(2,494) = 4.13, p < 0.02). When the YC and OC data
were analyzed separately, there was no evidence of signiﬁ-
cant meridional amblyopia at baseline or one year for
either the HA or M/MA groups, relative to the NonA
group. The signiﬁcant interaction between astigmatism
group and age cohort reﬂected the fact that in the YC,
there was a signiﬁcant diﬀerence between the HA group
and the M/MA group on V–H contrast sensitivity.
3.4. Contrast sensitivity: Middle spatial frequency stimuli
(Figs. 3B and 4B)
3.4.1. Performance at baseline
Analyses of 6.0 cy/deg contrast sensitivity measurements
(V and H) at baseline (n = 501) yielded signiﬁcant main
eﬀects of astigmatism group (F(2,495) = 35.30 for V, F(2,
495) = 47.26 for H, ps < 0.001), and signiﬁcant main eﬀects
of age cohort (F(1, 495) = 13.73, p < 0.001 for V,
F(1,495) = 11.81, p < 0.002 for H). In addition, there was
a signiﬁcant interaction between astigmatism group and
age cohort for V contrast sensitivity (F(2,495) = 3.38,
p < 0.04). Post hoc analyses indicated that both HA and
M/MA groups had reduced contrast sensitivity for V and
H stimuli compared to the NonA group (ps < 0.001). The
interaction between astigmatism group and age cohort
for V stimuli reﬂected the fact that the NonA OC had
signiﬁcantly better contrast sensitivity than the YC, but
there was no diﬀerence between OC and YC for the HA
and M/MA groups. Analyses of meridional amblyopia
(V–H contrast sensitivity) at baseline yielded no signiﬁcant
eﬀects.
3.4.2. Treatment eﬀects
RM-ANOVA on middle spatial frequency contrast sen-
sitivity measurements at baseline, six weeks, and one year
(n = 501) yielded signiﬁcant main eﬀects of time
(F(2,494) = 41.52, p < 0.001), astigmatism group (F(2,495) =
40.04, p < 0.001), age cohort (F(1, 495) = 16.89, p < 0.001),
and orientation (F(1,495) = 251.84, p < 0.001). There were
signiﬁcant interactions between time, and astigmatism
group (F(4,990) = 7.11, p < 0.001), orientation and astig-
matism group (F(2,495) = 8.73, p < 0.001), among orienta-
tion, astigmatism group, and age cohort (F(2,495) = 3.27,
p < 0.04), and among time, orientation, astigmatism group
and age cohort (F(4,990) = 3.90, p < 0.005). For the YC,
there were no signiﬁcant diﬀerences between astigmatism
groups with regard to the amount of change observed from
baseline to six weeks or from 6 weeks to 1 year. For the
OC, there was signiﬁcantly greater change observed from
baseline to six weeks in the HA and the M/MA groups
than in the NonA groups for both V (p < 0.009 and
p < 0.02, respectively) and H (p < 0.001 and p < 0.002,
Fig. 3. Mean best-corrected contrast sensitivity at baseline, 6 weeks, and
1 year by astigmatism group (NonA, HA, M/MA) for vertical (triangle
symbols) and horizontal (square symbols) stimuli for (A) low spatial
frequency (1.5 cy/deg) stimuli, (B) middle spatial frequency (6.0 cy/deg)
stimuli, and (C) high spatial frequency (18.0 cy/deg) stimuli. Y axis scaled
logarithmically, with 0.3 log unit between tick marks. Bars indicate ±1
sem.
Fig. 4. Mean of V–H best-corrected contrast sensitivity at baseline,
6 weeks, and 1 year by astigmatism group (NonA, HA, M/MA) for (A)
low spatial frequency (1.5 cy/deg) stimuli, (B) middle spatial frequency
(6.0 cy/deg) stimuli, and (C) high spatial frequency (18.0 cy/deg) stimuli.
Bars indicate ±1 sem.
E.M. Harvey et al. / Vision Research 48 (2008) 773–787 781respectively) stimuli. RM-ANOVA on V–H middle spatial
frequency contrast sensitivity yielded a signiﬁcant main
eﬀect of astigmatism group (F(2,495) = 8.73, p < 0.001),and signiﬁcant interactions between astigmatism group
and age cohort (F(2,495) = 3.27, p < 0.04), and between
Fig. 5. Mean best-corrected stereoacuity at baseline, 6 weeks, and 1 year
by astigmatism group (NonA, HA, M/MA). Y axis is scaled logarithmi-
cally, with 0.1 log unit between tick marks. Bars indicate ±1 sem.
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p < 0.004). The interaction between time, astigmatism
group and age cohort reﬂects the fact that when analyzed
separately by age cohort, there was a signiﬁcant interaction
between time and astigmatism group for the YC but not
the OC. For the YC, although mean contrast sensitivity
was always better for V than for H stimuli, the V–H diﬀer-
ence increased from 6 weeks to 1 year for the NonA group,
and decreased for the HA and the M/MA groups (although
only the NonA vs. M/MA comparison was signiﬁcant
(p < 0.03)).
3.4.3. Performance at one year
Analyses of 6.0 cy/deg contrast sensitivity measurements
(V and H) at one-year follow-up yielded signiﬁcant main
eﬀects of astigmatism group (F(2,495) = 15.04 for V,
F(2,495) = 24.55 for H, ps < 0.001), and a signiﬁcant main
eﬀect of age cohort for V stimuli (F(1,495) = 10.01,
p < 0.003). Post hoc analyses indicated that after one year,
the HA group had signiﬁcantly reduced contrast sensitivity
only for V stimuli (p < 0.03), and the M/MA group had
signiﬁcantly reduced contrast sensitivity for both V and
H stimuli (ps < 0.001).
3.5. Contrast sensitivity: High spatial frequency stimuli
(Figs. 3C and 4C)
3.5.1. Performance at baseline
Analyses of 18.0 cy/deg contrast sensitivity measure-
ments (V and H) at baseline (n = 501) yielded signiﬁcant
main eﬀects of astigmatism group (F(2,495) = 93.88 for
V, F(2,495) = 85.95 for H, ps < 0.001), and signiﬁcant
main eﬀects of age cohort (F(1,495) = 11.44, p < 0.002
for V and F(1,495) = 7.36, p < 0.007 for H). In addition,
there was a signiﬁcant interaction between astigmatism
group and age cohort for V stimuli (F(2,495) = 3.63,
p < 0.03, reﬂecting signiﬁcantly better contrast sensitivity
in the OC than the YC only in the NonA group). Post
hoc analyses indicated that both HA and M/MA groups
had reduced contrast sensitivity for V and H stimuli com-
pared to the NonA group (ps < 0.001). Analyses of merid-
ional amblyopia (V–H contrast sensitivity) yielded a
signiﬁcant main eﬀect of astigmatism group at baseline
(F(2,495) = 4.01, p < 0.02), and no eﬀects of age cohort
and no interaction. Post hoc analyses indicated that the
HA group showed evidence of meridional amblyopia
(p < 0.02), but the M/MA group did not.
3.5.2. Treatment eﬀects
RM-ANOVA on high spatial frequency contrast sensi-
tivity measurements at baseline, six weeks, and one year
(n = 501) yielded signiﬁcant main eﬀects of time
(F(2,494) = 12.91, p < 0.001), astigmatism group
(F(2,495) = 136.30, p < 0.001), age cohort (F(1, 495) =
11.80, p < 0.002), and orientation (F(1,495) = 60.47,
p < 0.001). There were signiﬁcant interactions between time
and astigmatism group (F(4,990) = 3.15, p < 0.02), and ori-entation and astigmatism group (F(2,495) = 10.81,
p < 0.001). Post hoc analyses indicated that only the HA
group showed signiﬁcantly greater improvement than the
NonA group from baseline to six weeks (p < 0.001). The
astigmatism groups did not diﬀer signiﬁcantly with regard
to the amount of change observed from six weeks to one
year. RM-ANOVA on V–H high spatial frequency con-
trast sensitivity yielded a signiﬁcant main eﬀect of astigma-
tism group (F(2,495) = 10.81, p < 0.001). No other eﬀects
or interactions among time, astigmatism group and age
cohort were signiﬁcant.3.5.3. Performance at one year
Analyses of 18.0 cy/deg contrast sensitivity measure-
ments (V and H) at one-year follow-up yielded signiﬁcant
main eﬀects of astigmatism group (F(2,495) = 97.43 for
V, F(2,495) = 92.45 for H, ps < 0.001), signiﬁcant main
eﬀects of age cohort (F(1,495) = 11.14, p < 0.002 for V,
F(1,495) = 6.17, p < 0.02 for H), and no signiﬁcant inter-
actions. Post hoc analyses indicated that at one year, both
HA and M/MA groups still had reduced contrast sensitiv-
ity for V and H stimuli compared to the NonA group
(ps < 0.001). Analyses of meridional amblyopia (V–H con-
trast sensitivity) indicated that there was still a signiﬁcant
main eﬀect of astigmatism group (F(2,495) = 4.61,
p < 0.02), with no signiﬁcant eﬀect of age cohort or
interaction. Post hoc analyses indicated that the HA
group still showed evidence of meridional amblyopia
(p < 0.04).3.6. Stereoacuity (Fig. 5)
3.6.1. Performance at baseline
Analyses of stereoacuity measurements at baseline
(n = 537) yielded a signiﬁcant main eﬀect of astigmatism
group (F(2, 531) = 69.50, p < 0.001) and age cohort
(F(1,531) = 9.17, p < 0.004), and a signiﬁcant interaction
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(F(2,531) = 11.57, p < 0.001, reﬂecting no signiﬁcant diﬀer-
ence between age cohorts for the NonA and HA groups,
but signiﬁcantly better stereoacuity for the YC than in
the OC M/MA group). Post hoc analyses indicated that
for the YC and for the OC, stereoacuity was signiﬁcantly
reduced at baseline (for the YC, ps < 0.001 for the HA
and M/MA groups; for the OC, ps < 0.001 for the HA
group and p < 0.005 for the M/MA group).
3.6.2. Treatment eﬀects
RM-ANOVA on stereoacuity measurements at baseline,
six weeks, and one year yielded signiﬁcant main eﬀects of
time (F(2,530) = 10.71, p < 0.001), astigmatism group
(F(2,531) = 71.14, p < 0.001), and age cohort (F(1,531) =
5.05, p < 0.03). There were signiﬁcant interactions between
astigmatism group and age cohort (F(2,531) = 13.87,
p < 0.001), between time and astigmatism group
(F(4,1062) = 4.60, p < 0.002), and time and age cohort
(F(2,530) = 3.35, p < 0.04). Post hoc analyses indicated
that only the HA group showed signiﬁcant improvement
compared to the NonA group from baseline to six weeks
(p < 0.001). None of the astigmatism groups diﬀered signif-
icantly with regard to the amount of change observed from
six weeks to one year.
3.6.3. Performance at one year
Analyses of stereoacuity measurements at one-year fol-
low-up yielded a signiﬁcant main eﬀect of astigmatism
group (F(2,531) = 45.62, p < 0.001), no signiﬁcant eﬀect
of age cohort, and a signiﬁcant interaction between astig-
matism group and age cohort (F(2,531) = 6.76, p < 0.002,
reﬂecting no age cohort diﬀerence in the NonA group or
M/MA group, and signiﬁcantly better stereoacuity in the
OC than the YC HA group). Post hoc analyses indicated
that for both the YC and for the OC, stereoacuity was still
signiﬁcantly reduced for the HA and M/MA groups, rela-
tive to the NonA group (ps < 0.001).
4. Discussion
In a previous report, we provided evidence that (a) opti-
cal correction of astigmatism results in signiﬁcant improve-
ment in best-corrected recognition acuity in astigmatic
children 4–13 years of age, relative to an age-matched con-
trol group of non-astigmatic children, (b) most of the
improvement was observed within the ﬁrst six weeks of
treatment, and (c) improvement in best-corrected recogni-
tion acuity in 4- to 13-year-old astigmatic children was
not related to age, suggesting that the sensitive period for
treatment of astigmatism-related amblyopia with eyeglass
correction alone extends beyond age seven years (Harvey,
Dobson, Cliﬀord-Donaldson et al., 2007). In the present
report, we extend our previous ﬁndings to indicate that
optical treatment of astigmatism-related amblyopia also
results in signiﬁcant improvement in other aspects of
vision: grating acuity, vernier acuity, contrast sensitivity,and stereoacuity. Furthermore, as in the results for recog-
nition acuity (Harvey, Dobson, Cliﬀord-Donaldson et al.,
2007), treatment eﬀects occurred early in treatment, and
there was no evidence that improvement was limited to a
sensitive period that ended prior to age seven years. These
ﬁndings, which indicate that the introduction of clear
visual input (through eyeglass correction of astigmatic
refractive error) is suﬃcient to result in an increase in
best-corrected visual performance in children with astigma-
tism-related amblyopia, are consistent with the results of
recent studies of patients with anisometropic, strabismic,
and isoametropic amblyopia that have also demonstrated
a signiﬁcant treatment response as a result of optical cor-
rection alone (Chen et al., 2007; Cotter et al., 2007; Mose-
ley et al., 2002; Pediatric Eye Disease Investigator Group.,
2005b; Pediatric Eye Disease Investigator Group., 2006;
Stewart, Moseley, Fielder, Stephens, & the MOTAS Coop-
erative, 2004; Wallace et al., 2007).4.1. Patterns of treatment eﬀects
4.1.1. Grating acuity and vernier acuity
Similar patterns of treatment eﬀects were obtained for
measurements of best-corrected grating acuity and vernier
acuity. At baseline, both the HA and the M/MA groups
had signiﬁcantly reduced grating acuity and vernier acuity
for V, H, and O stimuli. There was signiﬁcantly greater
improvement from baseline to six weeks in the HA and
M/MA groups than in the NonA group, but no diﬀerence
among astigmatism groups in the amount of improvement
between six weeks and one year, indicating that there was a
signiﬁcant treatment eﬀect that was concentrated in the
ﬁrst six weeks of treatment. Comparison of results from
children four to seven years of age with results from chil-
dren from 8 to 13 years of age showed no diﬀerence in
treatment eﬀect, thus providing no evidence to support
the idea that children less than eight years of age may be
more amenable to treatment (Cobb & MacDonald, 1978;
Mitchell et al., 1973).4.1.2. Contrast sensitivity for low (1.5 cy/deg), middle
(6.0 cy/deg), and high (18.0 cy/deg) spatial frequency
stimuli
There was little evidence of signiﬁcantly reduced con-
trast sensitivity for low spatial frequency stimuli in the
astigmatic groups at baseline (the only signiﬁcant reduction
was in the sensitivity of the HA group for H stimuli).
Despite this, there was evidence of a signiﬁcant treatment
eﬀect in the HA and M/MA groups, i.e., greater improve-
ment in sensitivity, relative to the NonA group, from base-
line to six weeks. The presence of a signiﬁcant treatment
eﬀect, despite little evidence of signiﬁcantly reduced con-
trast sensitivity at baseline, is due to the fact that contrast
sensitivity tended to be poorer in the astigmatism groups
than in the NonA group at baseline, and from baseline
to six weeks, there was a slight reduction in contrast
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contrast sensitivity for the astigmatism groups (see Fig. 3).
For middle and high spatial frequency stimuli, the astig-
matism groups had signiﬁcantly reduced contrast sensitiv-
ity for V and H stimuli at baseline, and there was
evidence of signiﬁcant treatment eﬀects from baseline to
six weeks for both middle and high spatial frequency stim-
uli. However, treatment eﬀects for middle spatial frequency
stimuli diﬀered by age cohort: there was a signiﬁcant eﬀect
of treatment in the OC, but not in the YC. This ﬁnding is
contrary to the prediction, based on studies suggesting no
treatment eﬀect of optical correction of astigmatic amblyo-
pia after age seven years (Cobb & MacDonald, 1978;
Mitchell et al., 1973), that there would be greater treatment
eﬀects in younger (<8 years), rather than older (P8 years)
children. For high spatial frequency stimuli, there was a
signiﬁcant treatment eﬀect in the HA group but not the
M/MA group.
In summary, the results of contrast sensitivity outcome
measures indicate that optical correction had a signiﬁcant
treatment eﬀect on contrast sensitivity for low, middle, and
high spatial frequency stimuli. Thus, the beneﬁts of optical
correction of astigmatism extend beyond the improvements
in processing of high spatial frequency stimuli.
4.1.3. Stereoacuity
Both the HA and the M/MA groups had signiﬁcantly
reduced stereoacuity at baseline, relative to the NonA
group. There was a signiﬁcant treatment eﬀect from base-
line to six weeks in the HA group, but not the M/MA
group, perhaps because initial baseline deﬁcits were greater
in the HA group. These ﬁndings of signiﬁcant improve-
ment in stereoacuity are consistent with the ﬁndings in a
study of 3- to 9-year-old children with high bilateral hyper-
opia and/or astigmatism, most of whom were treated with
optical correction alone, that found signiﬁcant improve-
ment in stereoacuity measured with the Randot Preschool
Stereoacuity Test over a treatment duration of one year
(Wallace et al., 2007).
4.1.4. Meridional amblyopia
At baseline, signiﬁcant meridional amblyopia was pres-
ent only in measurements of grating acuity for the M/MA
group and in measurements of low and high spatial fre-
quency contrast sensitivity for the HA group. Results indi-
cated that there was no signiﬁcant treatment eﬀect, i.e., no
signiﬁcant reduction in these meridional amblyopia eﬀects
over time compared to the NonA group. At one year, while
there was still signiﬁcant meridional amblyopia in measure-
ments of grating acuity for the M/MA and high spatial fre-
quency contrast sensitivity for the HA group, meridional
amblyopia in measurements of low spatial frequency con-
trast sensitivity for the HA was no longer signiﬁcant, most
likely related to the fact that these eﬀects were signiﬁcant,
but weak, at baseline (p < 0.04).
Our failure to ﬁnd a signiﬁcant reduction in meridional
amblyopia for grating acuity in the M/MA group andmeridional amblyopia for high spatial frequency contrast
sensitivity for the HA group after a treatment duration
of one year is consistent with the results of a previous study
of optical treatment of astigmatism-related amblyopia in
preschool Tohono O’odham children, which showed no
signiﬁcant reduction in meridional amblyopia for grating
acuity after four months of optical correction in children
in the M/MA group (Harvey et al., 2004). However, our
data are not consistent with previous retrospective studies
that found evidence of meridional amblyopia in astigmatic
adults who received eyeglasses after age seven years but not
in those who received glasses prior to age seven years
(Cobb & MacDonald, 1978; Mitchell et al., 1973). The
apparent discrepancy between the results of the retrospec-
tive studies of adults and the results of the previous (Har-
vey et al., 2004) and present studies of Tohono O’odham
children could be explained if elimination of meridional
amblyopia occurs only following treatment duration longer
than one year (the longest treatment duration provided in
the two studies of children).
4.2. Timing of treatment eﬀects and performance at one
year: Implications for eﬀective treatment duration
In general, across measures, treatment eﬀects occurred
primarily early in treatment (within the ﬁrst six weeks).
Speciﬁcally, for all measures, signiﬁcant treatment eﬀects
occurred from baseline to six weeks, but not between six
weeks and one year. These results are consistent with rec-
ognition acuity outcome in this sample (Harvey, Dobson,
Cliﬀord-Donaldson et al., 2007). They are also consistent
with results of studies of children with anisometropic, stra-
bismic, or bilateral refractive amblyopia, which show that
most improvement resulting from optical correction occurs
within the ﬁrst few weeks after initiation of optical treat-
ment (Chen et al., 2007; Pediatric Eye Disease Investigator
Group, 2006; Stewart et al., 2004; Wallace et al., 2007). A
study of 65 newly-diagnosed anisometropic and/or strabis-
mic amblyopes, with a mean age of ﬁve years, found an
average improvement in acuity in amblyopic eyes of
1.1 logMAR lines following six weeks of optical correction,
which doubled to 2.2 logMAR lines by 12 weeks, with little
improvement (0.02 logMAR line) between the 12-week and
the ﬁnal 18-week test session (Stewart et al., 2004). In a
study of 60 children with previously untreated anisometro-
pic amblyopia who were compliant with optical treatment,
Chen et al. (2007) found that most of the improvement
with optical correction occurred within the ﬁrst 12 weeks
of treatment. Mean improvement from baseline to acuity
stabilization (deﬁned as 6 weeks with 60.1 logMAR
improvement) was 3.8 logMAR lines, with 2.5 logMAR
lines improvement observed from baseline to 12 weeks.
Two other studies, one that included 84 newly-diagnosed
anisometropic amblyopes (Pediatric Eye Disease Investiga-
tor Group., 2006) and one that included 113 bilateral
refractive (hyperopic and/or astigmatic) amblyopes (Wal-
lace et al., 2007), with a mean age of ﬁve years in both
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occurred within the ﬁrst 5 weeks of treatment. Wallace
et al. (2007) reported a mean improvement of 2.4 logMAR
lines over the ﬁrst 5 weeks, and 1.6 logMAR lines from
5 weeks to 1 year. In the Pediatric Eye Disease Investigator
Group (2006) study, children were treated with optical cor-
rection only until they no longer showed improvement over
a ﬁve-week follow-up interval, or until their acuity in the
amblyopic eye was no longer worse than the fellow eye,
at which time they were randomized to either a control
group (optical treatment alone) or to a group prescribed
patching along with optical treatment. The results showed
that much of the observed improvement occurred early in
treatment: there was an average of 1.8 logMAR lines
improvement in the ﬁrst 5 weeks of optical treatment,
and a maximum improvement averaging 2.9 logMAR lines
(with the longest duration of improvement of 30 weeks in
one patient). Although much of the reduction in amblyopia
occurred within the ﬁrst few weeks, children who were ran-
domized to the control group and continued to receive
optical treatment alone showed an additional reduction
in amblyopia (average of 1.2 logMAR lines). Overall, these
studies suggest that much of the reduction in amblyopia
due to optical correction alone occurs within the ﬁrst
12 weeks of optical treatment. However, in contrast to
the results of the present study, these previous studies also
showed evidence of additional improvement beyond this
early treatment period.
Despite signiﬁcant eﬀects of treatment, analyses of
visual functions after one year of eyeglass treatment indi-
cated that, with just a few exceptions (low spatial frequency
contrast sensitivity (which was reduced only for H stimuli
in the HA group at baseline), vertical vernier acuity for
the M/MA group, and 6.0 cy/deg contrast sensitivity for
the HA group), the astigmatic groups still did not reach
normal levels, i.e., levels of visual function seen in the
NonA control group, even after one year of optical treat-
ment. Furthermore, after one year, there was little evidence
of elimination of the meridional amblyopia that was pres-
ent at baseline. The failure of astigmatic subjects to reach
normal levels of visual function with optical correction,
even after one year of treatment, is consistent with ﬁndings
for one-year recognition acuity outcome in this sample
(Harvey, Dobson, Cliﬀord-Donaldson et al., 2007). Simi-
larly, previous results from other groups indicate that 55–
80% of children fail to achieve resolution of anisometropic,
strabismic, or bilateral refractive amblyopia with eyeglass
correction alone (Chen et al., 2007; Cotter et al., 2007;
Pediatric Eye Disease Investigator Group, 2006; Stewart
et al., 2004). In contrast, results from a study of 3- to 9-
year-old children with bilateral refractive error, most of
whom were treated with optical correction alone, found
mean monocular best-corrected acuity improved from 20/
80 at baseline to 20/32 after one year of treatment (Wallace
et al., 2007). However, this study did not include a normal
age-matched comparison group, so while it is clear that
there were signiﬁcant improvements with treatment, it isnot clear if acuity, on average, reached ‘‘normal” levels
after one year of treatment.
It is not clear if persistent below-normal acuity in the
astigmatic children is the result of limited plasticity in this
age range or less-than-optimal treatment compliance.
However, secondary analyses of recognition acuity data
for compliant astigmatic subjects did not provide evidence
of greater treatment eﬀects in compliant subjects, nor did
compliant subjects reach, on average, the acuity level of
the NonA group after one year of treatment (Harvey, Dob-
son, Cliﬀord-Donaldson et al., 2007). As suggested previ-
ously (Harvey, Dobson, Cliﬀord-Donaldson et al., 2007),
it is possible that other factors, such as uncorrected spher-
ical aberration or coma, may in part be responsible for per-
sistent below-normal acuity in the astigmatic children. A
study currently in progress will allow us to determine if
spherical aberration and coma are more prevalent among
astigmatic than non-astigmatic Tohono O’odham children,
and allow us to determine if spherical aberration and coma
contribute to poor best-corrected vision in this population.
4.3. Eﬀects of age cohort: Implications regarding plasticity
The results of the present study indicated that, although
the older cohort tended to have signiﬁcantly better visual
performance than the younger cohort on almost all mea-
sures, treatment eﬀects did not diﬀer by age cohort. Fur-
thermore, we did not ﬁnd diﬀerences in treatment
eﬀectiveness across age cohort despite the fact that, on
average, the older cohort, in which we expected to see
reduced treatment eﬀect relative to the younger cohort,
had a shorter ‘‘six week” treatment interval than the youn-
ger cohort (40 days vs. 50 days). These ﬁndings contradict
evidence in the literature that suggests that there is a sensi-
tive period for successful treatment of astigmatism-related
amblyopia that ends by age seven years (Cobb & MacDon-
ald, 1978; Gwiazda et al.,1986; Mitchell et al., 1973) or ear-
lier (Harvey et al., 2004). However, the ﬁnding of treatment
eﬀects in the older cohort in the present study and in a pre-
vious report on recognition acuity in this sample (Harvey,
Dobson, Cliﬀord-Donaldson et al., 2007) is consistent with
the results of a study that reported that eyeglass correction
alone in anisometropic and/or strabismic amblyopes
resulted in signiﬁcant improvement in 25% of 203 7- to
12-year-old children and 23% of 48 13- to 17-year-old chil-
dren (Pediatric Eye Disease Investigator Group., 2005b).
Overall, the available studies that have addressed the
issue of a sensitive period in treatment of astigmatism-
related amblyopia do not provide a clear indication of the
timing of the end of the sensitive period for successful treat-
ment, or allow us to determine if in fact there is a sensitive
period for successful treatment. It is possible that the unex-
pected pattern of results across our studies (i.e., signiﬁcant
eﬀects of optical treatment in school-age children (Harvey,
Dobson, Cliﬀord-Donaldson et al., 2007) but not preschool
children (Harvey et al., 2004), who were believed to be
within the sensitive period for successful treatment) may
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ment of astigmatism-related amblyopia may be inﬂuenced
by the visual experiences of the child and the types of tasks
that the child engages in. A recent pilot study of 3- to 6-
year-old children with anisometropic and/or strabismic
amblyopia, conducted by the Pediatric Eye Disease Investi-
gator Group (2005a), reported a suggestion of greater
improvement in best-corrected visual acuity in children
assigned to perform near activities during patching com-
pared to children assigned to non-near activities during
patching. Furthermore, several recent studies have shown
that practice on ﬁne perceptual tasks (‘‘perceptual learn-
ing”) can result in improvement in recognition visual acuity
and contrast sensitivity, as well as in perceptual task perfor-
mance, in amblyopic adults (Levi & Polat, 1996; Levi, Polat,
& Hu, 1997; Li & Levi, 2004; Polat, Ma-Naim, Belkin, &
Sagi, 2004), as well as in amblyopic children (Li, Young,
Hoenig, & Levi, 2005). Based on these results, Levi (2005)
has suggested that perceptual learning may be responsible
for some of the improvement seen in the clinical treatment
of amblyopia. It is possible that the lack of eﬀectiveness
of eyeglass treatment in reducing astigmatism-related
amblyopia in 3- to 5-year-old children (Harvey et al.,
2004) may have been related to the types of visual tasks that
young children typically perform, i.e., tasks that do not
require ﬁne perceptual discrimination, while treatment
eﬀects may have been enhanced in older children, who
spend more time reading and doing ﬁne perceptual tasks.
4.4. Summary and conclusions
Previous research has shown that astigmatism in child-
hood is associated with a broad range of visual deﬁcits,
including recognition acuity, grating acuity, vernier acuity,
contrast sensitivity and stereoacuity (Atkinson et al., 1996;
Cobb & MacDonald, 1978; Dobson et al., 1996, 2003;
Freeman, 1975a, 1975b; Freeman & Thibos, 1975; Free-
man et al., 1972; Gwiazda et al., 1984, 1986; Harvey
2002; Harvey, Dobson, Miller, et al., 2007; Kershner &
Brick, 1984; Mitchell & Wilkinson, 1974; Mitchell et al.,
1973; Mohindra et al., 1983). In a previous report, we
observed signiﬁcant improvements in best-corrected recog-
nition acuity over time with optical correction of astigma-
tism (Harvey, Dobson, Cliﬀord-Donaldson et al., 2007). In
the present report, we extend those ﬁndings, and report sig-
niﬁcant improvement in best-corrected grating acuity, ver-
nier acuity, contrast sensitivity, and stereoacuity over time
as a result of optical correction. In addition, the present
report provides further evidence that treatment eﬀects can
persist beyond what was previously hypothesized to be
the end of the sensitive period for successful treatment of
astigmatism-related amblyopia.
While it is clear that optical treatment provides a signif-
icant beneﬁt, this research also demonstrates that there may
be limits to plasticity related to optical correction of astig-
matism-related amblyopia in this age range: after one year
of treatment, subjects did not attain normal levels of visualfunction. Future research might focus on use of near activ-
ities or perceptual learning as a means of further improving
visual function in astigmatic children who have been unable
to achieve normal levels of visual function as a result of
optical correction alone. Perceptual learning may prove to
be an ideal method for targeting the deﬁcits speciﬁc to astig-
matism-related amblyopia, i.e., meridional amblyopia, as
perceptual learning tasks could be tailored to target the
child’s speciﬁc deﬁcits, e.g., resolution acuity for H stimuli
in children with myopic/mixed with-the-rule astigmatism.
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